Aim: Histone lysine demethylases (KDMs) control the lineage commitments of stem cells. However, the KDMs involved in the determination of the cardiomyogenic lineage are not fully defined. The aim of this study was to investigate the expression profiles of KDMs during the cardiac differentiation of mouse embryonic stem cells (mESCs). Methods: An in vitro cardiac differentiation system of mESCs with Brachyury (a mesodermal specific marker) and Flk-1 + /Cxcr4 + (dual cell surface biomarkers) selection was used. The expression profiles of KDMs during differentiation were analyzed using Q-PCR. To understand the contributions of KDMs to cardiomyogenesis, the mESCs on differentiation d 3. 
Introduction
Embryonic stem cells (ESCs) are capable of differentiating into three germ layers, ie, ectoderm, endoderm, and mesoderm, and their derivatives [1, 2] . This differentiation mimics the early stages of embryonic development, which includes the cardiomyogenic lineage commi tment [3] . During cardiac differentiation, ESCs silence pluripotency genes and acquire the phenotype of cardiomyocytes by activating cardiac-specific genes [4, 5] . This is achieved by intensive cross talk between the transcription factor networks and epigenetic modulators that occurs through the regulation of the chromatin structure of the packaged eukaryotic genome [6, 7] . Therefore, understanding the regulatory mechanisms underlying cardiac lineage commitment would enable better control of ESC differentiation, which is required for therapy and drug development.
Increasing evidence suggests that post-translational modifications of histone proteins represent essential epigenetic control mechanisms in gene expression programs and cell fate decisions of ESCs, including cardiac lineage determination [8, 9] . Methylation/demethylation is an important histone modification that is mediated by histone methyltransferases/histone demethylases, which are emerging as important players in biological processes [10] [11] [12] . H3K4 trimethylation (H3K4me3) is found in euchromatic regions and has transcriptional activity, whereas H3K27 trimethylation (H3K27me3) is associated with transcriptional repression [13] . In undifferentiated ESCs, a subset of developmental genes exhibit a "poised status", which is marked by H3K27me3 and H3K4me3 [14, 15] . After differentiation, most of the marks are removed [15] , implying that the enzymes responsible for demethylation may play a role in ESC www.nature.com/aps Tang Y et al Acta Pharmacologica Sinica npg differentiation. It has been shown that histone lysine demethylases (KDMs) play an important role in the self-renewal of ESCs [16] [17] [18] and in cardiac differentiation [19, 20] . However, the specific KDMs that control the differentiation of ESCs are largely unknown.
Cardiomyocyte differentiation involves the specification of pluripotent cells to mesodermal and cardiac progenitors prior to terminal differentiation [5, 6] . In contrast to the relatively advanced knowledge of signaling pathways [6, 21] , the epigenetic regulators, especially KDMs, that control cardiac differentiation are largely unknown. Recent studies have revealed that the Kdm6 family members Utx and Jmjd3 play important roles in the cardiovascular lineage specification of ESCs through different mechanisms. Jmjd3 reduces the H3K27me3 marks at the Brachyury promoter and facilitates the recruitment of b-catenin, which is critical for Wnt signal-induced mesoderm differentiation and cardiovascular lineage commitment [19] . Unlike Jmjd3, Utx controls mesoderm differentiation and Brachyury expression independent of H3K27 demethylase activity [22] ; Utx also associates with core cardiac transcription factors and demethylates H3K27 residues in cardiac-specific genes [20] . However, other KDMs that are critical for the early lineage specification and subsequently cardiac differentiation of ESCs need to be further explored.
In the present study, we performed a stage-based screening of mRNA expression profiles for KDMs during the cardiomyocyte differentiation of mESCs. Our results revealed various expression patterns of KDMs during cardiac lineage formation, and we identified several KDMs as being potentially essential for mESC cardiac differentiation. Our findings provide new insight into the role of KDMs in the regulation of cardiac lineage commitment and may provide information for the further development of cell therapy [23] and drug discovery [24] .
Materials and methods
Culture and in vitro differentiation of mESCs SCR012 mESCs and Brachyury-green fluorescent protein (Brachyury-GFP) E14 mESCs [25] were cultivated and differentiated into spontaneously beating cardiomyocytes as previously described [26, 27] . Briefly, undifferentiated mESCs were cultivated on mitomycin C-inactivated mouse feeder layers (MEFs) in the presence of leukemia inhibitory factor (LIF, 1000 U/mL; Millipore, Billerica, MA, USA). The differentiation of mESCs into cardiac cells was initiated by a hanging drop technique to form EBs [28] , and after 6 d in suspension, EBs were plated onto gelatin-coated 48-well tissue culture dishes for cardiac differentiation. All cultivation medium and other reagents for cell culture were from Invitrogen (Carlsbad, CA, USA) unless indicated otherwise.
Reverse transcription (RT)-PCR
Total RNA was extracted from cells and purified using the RNeasy Mini kit (QIAGEN, Valencia, CA, USA) and transcribed into cDNA using ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan) and oligo(dT) primers. The PCR primers are listed in Table 1 . Samples were amplified in the linear range by PCR. The PCR products were size-fractionated on 1%-1.5% agarose gels containing ethidium bromide.
Quantitative RT-PCR (Q-PCR)
Total RNA was extracted from cells and analyzed by kinetic real-time PCR using the ABI PRISM 7900 system (Applied Biosystems, Foster City, CA, USA) with SYBR Green Realtime PCR Master Mix plus (Toyobo, Osaka, Japan) for the relative quantification of the indicated genes. The transcript of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for internal normalization. The Q-PCR primers used for the KDMs are listed in Table 2 , and other primers are listed in Table 3 .
Immunocytochemical staining
EBs at d 14 were fixed with 4% paraformaldehyde for 30 min and permeabilized in 0.1% Triton X-100 (Sigma, St Louis, MO, USA) for 30 min at room temperature as described previously [29] . After a single wash with PBS, cells were blocked in 10% normal goat serum at room temperature for 1 h and then incubated with primary antibody against a-actinin (1:300; Sigma, St Louis, MO, USA) at 4 °C overnight, followed by the application of DyLight 549-conjugated secondary antibodies (1:1000; Jackson Lab, West Grove, PA, USA). Nuclei were stained with Hoechst 33258 dye (1:2000; Sigma, St Louis, MO, USA). A Nikon TI 2000 fluorescence microscope (Nikon, Kyoto, Japan) was used to view cells and acquire images.
Fluorescence activated cell sorting (FACS)
EBs derived from Brachyury-GFP mESCs were trypsinized, made into a single cell suspension, and sorted by FACS (FACStar Plus Flow Cytometer; BD, San Diego, CA, USA). Differentiating mESCs at d 3.5 were washed with PBS once and sorted into high GFP (Brachyury + ) and low GFP (Brachyury -) populations. Differentiating mESCs at d 5.5 were washed with 4% fetal bovine serum (FBS) containing PBS once and 
Results

Differentiation of mESCs into spontaneous beating cardiomyocytes
To screen KDMs that might be involved in cardiac lineage commitment, mESCs were differentiated into cardiomyocytes by the formation of EBs ( Figure 1A ) as reported previously [4, 27] . After 6 d in suspension, EBs differentiated into spontaneously beating cardiomyocytes that were visible at differentiation d 7 ( Figure 1B ). The percentage of beating cardiomyocytes in EBs increased gradually over time and reached 84%-100% at d 9 and 100% at d 12; thereafter, the percentage remained stable until differentiation d 14 ( Figure 1B ). Cardiac differentiation was confirmed by immunocytochemical staining showing the expression of the cardiac specific marker a-actinin (Figure 1A) . This was consistent with the Q-PCR analysis, which showed that the expression of pluripotent marker genes POU domain class 5 transcription factor 1 (Oct-4) and zinc finger protein 42 (Rex-1) gradually decreased during mESC differentiation, while the cardiac cytoskeletal proteins myosin heavy chain (a-MHC) and sodium/calcium exchanger 1 (Ncx1) were upregulated at d 7 and had increased significantly at d 14 ( Figure 1C ) in patterns that correlated with the onset of spontaneous beating ( Figure 1B ).
Expression profiles of KDMs during cardiac differentiation
Next, we analyzed the expression profiles of KDMs that might be involved in cardiac lineage commitment by using Q-PCR to compare the expression levels in undifferentiated mESCs and differentiating mESCs at d 3, 5, 7 and 14. Different expression patterns were observed for the 16 KDMs analyzed (Table 4) . Five genes (Phf8, Jarid1a, Jhdm1d, Utx, and Jmjd3) were upregulated at least 1.8-fold at differentiation d 14 compared with undifferentiated mESCs (d 0) with different patterns ( Figure 2A , Table 4 ). The expression of Phf8, Jarid1a and Jhdm1d continued to increase during the differentiation process and was highest at differentiation d 14 ( Figure 2A ). Jmjd3 expression peaked at d 7 and then declined at d 14, but it was still higher than that observed at d 0 (Figure 2A ). Utx decreased slightly at an earlier differentiation stage (d 3) and was upregulated later (Figure 2A ). The expression levels of six other KDM genes were similar between differentiation d 0 and d 14; however, of these genes, the expression levels of Jhdm2a, Jmjd2c, and Jarid1b decreased by more than 50% at d 3 and then gradually returned to the levels observed in the undifferentiated mESCs ( Figure 2B, upper panels) . In contrast, the expression levels of Jmjd2a, Jmjd2b, and Jmjd1b increased gradually and peaked at d 7, after which they declined to the levels observed in the undifferentiated ESCs ( Figure 2B , Table  4 , others not shown). These data suggest that the KDMs may play different roles in mESC differentiation.
Changes in KDM expression during mesodermal differentiation
To further identify the KDMs that may be involved in the critical stage of cardiac lineage determination, we compared changes in the KDM expression levels at the mesodermal stage and the cardiac progenitor stage, two essential stages for the cardiac lineage commitment [30] , using stage-specific reporter systems ( Figure 3A) . It has been demonstrated that the transcription factor Brachyury is required for mesoderm formation, and it is widely used as a mesodermal specific marker [31, 32] . We therefore used an ESC line with the expression of GFP driven by Brachyury [25] ( Figure 3B ) to separate Brachyury + and Brachyury -populations at differentiation d 3.5 by FACS ( Figure 3C ). RT-PCR analysis showed that the Brachyury + subpopulation expressed a much higher level of Brachyury than did the unsorted cells and the Brachyury -subpopulation ( Figure 3D) . We then performed a Q-PCR analysis to evaluate the KDM expression profiles of the Brachyury + and Brachyury -cells. The results showed that the expression levels of Jmjd2a, Jmjd3 and Jhdm1d were higher in the Brachyury + cells, with the greatest increase occurring in Jmjd3 ( Figure  3E ). Another Kdm4 family member, Jmjd2c, decreased by 60% in the Brachyury + cells compared with the Brachyury -cells ( Figure 3E ).
Characteristics of KDM expression during cardiac progenitor differentiation
The dual cell surface biomarkers fetal liver kinase 1 (Flk-1) and chemokine (C-X-C motif) receptor 4 (Cxcr4) have been used to extract a cardiac progenitor stage-specific cytotype after 5.5 d of differentiation from pluripotent mESCs [33, 34] . We therefore used this dual biomarker system to separate Flk-1 + /Cxcr4 
Discussion
KDMs are emerging as important players in both the maintenance of ESCs stemness and lineage commitment [11] . In the present study, we present a global gene expression profile of KDMs during the cardiac differentiation process of mESCs. We then analyzed the specific expression of KDMs at the mesodermal and cardiac progenitor stages, two critical stages for cardiac lineage commitment. These findings provide new insight into the role of KDMs in cardiac lineage commitment.
We found that the Jmjd3 expression levels increased significantly during cardiac differentiation, suggesting that Jmjd3 may play an important role in this process. This result is consistent with the recent finding that Jmjd3 functions in control- [19] . Jmjd3 also has demethylase-independent functions: Miller et al [35] reported that Jmjd3 mediates a functional interaction between the lineage-defining T-box transcription factor family member and its target genes. T-box transcription factor family members, such as Brachyury and Tbx5, are critical regulators of cardiac differentiation [36] . Consistent with these findings, our study showed that Jmjd3 has much higher expression levels in Brachyrury + cells than it does in Brachyury -cells ( Figure  3E ). In addition, we found that the expression of Jmjd3 was upregulated in the Flk-1 + /Cxcr4 + cardiac progenitor cells ( Figure 4C) with a higher expression level of Tbx5 ( Figure 4B ), suggesting that Jmjd3 might control cardiac progenitor commitment via other T-box transcription factor family members. This possibility needs to be further investigated.
The expression levels of Utx, another Kdm6 family member, are also upregulated during cardiac differentiation, suggesting its potential role in cardiac differentiation. This is supported by the observation that Utx acts as a critical switch to activate the expression of cardiac-specific genes [20] . However, unlike Jmjd3, Utx is not found to be enriched in either Brachyury + or Flk-1
+ cells ( Figures 3E and 4C) , and its expression levels do not change significantly before d 7 (Figure 2A ). These findings suggest that Utx and Jmjd3 might regulate cardiac differentiation at different stages. This possible mechanism of regulation needs to be further investigated.
Phf8, Jhdm1d, and Jarid1a have been shown to be involved in differentiation, but little is known regarding their roles in cardiac differentiation. Phf8 preferentially acts on H3K9me2 and H3K9me1 and associates with transcriptional activation and retinoic acid signaling pathways in neuron differentiation [37] . Jhdm1d controls brain development by activating follistatin gene transcription [38] . Jarid1a controls the osteogenic differentiation of human adipose-derived stromal cells [39] . Interestingly, we found that all of these genes are constitutively upregulated during cardiac differentiation ( Figure 2A , Table 4 ). This expression pattern is similar to the expression patterns of genes related to the cardiac lineage decision, such as Flk-1, Nkx2.5, Mef2c, and cardiac specific marker Ncx1, as found in our previous [40, 41] and present data ( Figure 1C ), suggesting that these KDMs may be involved in lineage determination.
Jmjd2a and Jmjd2c are histone H3K9 and H3K36 demethylases that belong to the same subclass; our results show that they have opposite expression patterns during cardiac differentiation ( Figure 2B ). Jmjd2a promotes the transcriptional activation of the Myog gene and thus contributes to skeletal muscle differentiation [42] . Its expression is upregulated in human hypertrophic cardiomyopathy patients and is found to promote cardiac hypertrophy in pathological conditions [43] . Our data reveal that the expression of Jmjd2a is upregulated in Brychyury + cells, suggesting that Jmjd2a might participate in skeletal muscle and cardiomyocyte differentiation as early as the mesodermal stage. Jmjd2c is preferentially expressed in undifferentiated ESCs [44] and regulates self-renewal in ESCs along with Jmjd1a [45] . We found in this study that the expression levels of Jmjd2c are decreased at the early days of differentiation upon the withdrawal of LIF and feeder layers, which is consistent with its role in self-renewal. Furthermore, we found that the expression levels of Jmjd2c are downregulated in both Brachyury + and Flk-1 + /Cxcr4 + cells, which is the opposite of Jmjd3. These results imply that Jmjd2c might exert a function distinct from that of Jmjd3 in cardiac differentiation. This possibility needs to be explored further.
There are some limitations in the present study. First, although we identified the KDMs that changed during cardiac differentiation, the functional relevance of these changes needs to be further demonstrated in overexpression or knockdown experiments and subsequent mechanistic studies. Second, although the Flk-1/Cxcr4 co-expressing population is enriched for cardiac progenitor cells compared with the unsorted and Flk-1 -/Cxcr4 -cells ( Figure 4B) , it is not a pure population. The reporter ESC lines driven by cardiac specific markers, such as Nkx2.5, could be more specific for the comparison of KDM expression in cardiac progenitor cells and non-cardiac progenitor cells.
In summary, we presented KDM expression profiles during cardiac differentiation and identified KDMs with altered expression levels at mesodermal and cardiac progenitor stages. Our results suggest that KDMs might play important roles at different stages of cardiomyocyte commitment. The establishment of the KDM profile provides new insight into how the post-translational modification of histone proteins by demethylation controls ESC specific germ layer commitment and subsequent lineage differentiation.
